zone with a composition range of 28.6 to 44.4 atomic percent Ag. The lower limit corresponds·to all As cations of +2 valence (equivalent to amorphous Ag 2 As 2 s 3 ); the upper limit, the maximum solubility of Ag in these glasses, corresponds to all As cations of +1 valence (equivalent to amorphous Ag 4 As 2 s 3 ). The diffusivity of Ag in these glasses at 175°C
in the concentration range of 10 Thermographic records of the preparation of the alloys from the elements throughout the entire concentration range were obtained. Exothermic maxima indicated the formation of the compounds As 2 se 5 , As 2 se 3 , AsSe and As 2 Se~ the arsenic valences are respectively, +5,+3, +2 and +1.
The objectives of the present study were to determine the reactions and diffusion characteristics of Ag in bulk arsenic chalcogenide glass below the transition temperature of the glass. These data also provide solubility information. Glass modifier diffusion in glass· is typically concentration dependent. One of the objectives is to determine the concentration dependence of Ag diffusion in these glasses. -6-
Diffusion Couples
Ag-As 2 s 3 glass and Ag-As 2 se 3 glass couples were fabricated by plating Ag on the polished glass specimens, the Ag often encapsulating the glass as shown in Fig. 2 . The surface conduction, which is necessary for plating, varied with the degree of oxygen contamination; surfaces covered with oxide films had the lowest conduction. To reduce the oxide growth, typical polishing techniques were conducted with modification of the final step. The glass specimens were lapped in a slurry of heptane or alcohol with 0.3lJm alumina. Thereafter they were immersed in heptane or alcohol until plating. The encapsulated specimens were then exposed to a diffusion heat treatment.
The poly,crystalline Ag 2 Se-As 2 se 3 glass couples were prepared by holding the polished surfaces of the specimens together with alligator clips during the diffusion heat treatment. These clips allowed proper alignment during potting for subsequent analysis.
All diffusion runs were conducted at 175°C. This temperature is below the glass transition temperatures, Tg, of 205 and 180°C for
an s 2 e 3 , respect1ve y. T e urnace was evact1ate to ess than 5 x 10-6 torr and backfilled with argon to minimize oxygen contamination. Temperature was monitored with a copper-constantan thermocouple
Difficulties Due to Oxidation
The time vs. distance diffusion data for selenide couples exhibited anomalous scatter. It is believed, and supported by thermodynamic considerations, that an oxide film (As 2 o 3 , Se0 2 ) on the surfaces prevented interface formation until the film was dissipated at the test temperature of 
(a) Reactions
The profiles indicate that redox reactions have occurred. A charge balance analysis of ion concentrations at any location in the diffusion zone shows that the As is reduced from a valence of +3 to +2 and then-from +2 to +1 in order to maintain charge neutrality in the ·------------· * Model 711, EDAX Inc., Prairieview, IL.
-10-+ glass with the introduction of Ag which is oxidized to Ag · The interpretation of the profile data, augmented with thermodynamic data, is the following.
Initially the Ag is oxidized at the glass interface by reduction of As+ 3 in the glass to As+ 2 : The transition point between the two phases based on the stoichiometric composition Ag 2 As 2 s 3 corresponds to a composition of 29 atomic percent
As and Ag. Within experimental error, the composition at the boundary or crossover point between the As and Ag concentration curves was found to equal this value as seen in Table 1 . Also, 44.4 atomic percent is the maximum theoretical solubility limit of Ag in the reaction phase, corresponding to Ag 4 As 2 s 3 , and thus in the starting As 2 s 3 glass. This value is in good agreement with the experimental data. Interfacial oxide contamination in these couples, as discussed earlier, is believed to be responsible for the indicated variations in the interfacial Ag concentration and the thickness of the diffusion zones (Table 1) because of the resulting difficulties in forming a true interface.
Sample 46 was polished as described to reduce oxygen contamination.
Sample 45 was not, resulting in greater surface oxidation. In support of this suggestion the samples showed different surface conductivities during Ag plating. It is postulated that a large portion of the heat treatment time was utilized by sample 45 to dissolve the oxide layer before a true interface formed and diffusion began. Possible oxide vaporization was prevented as the glass was encapsulated by the silver metal.
Polycrystalline Ag 2 se-As 2 se 3 Glass System These couples exhibit diffusion profiles similar to the Ag metal-As 2 se 3 glass profiles. Diffusion data for several runs are listed in Table 1 and a representative concentration profile is shown in Fig. 5 .
The similarity of diffusion profiles with the previous systems indicates +3 that a reduction of As also occurs in this system which can be accomplished only by the presence of Ag. Ag becomes available from Ag 2 se -2 ' by the oxidation of Se ions to elemental Se.
A reaction product phase is formed, similar to the Ag metal-glass system, by diffusion of Ag+ into As 2 se 3 as indicated by the constancy of the As/Se ratio in the diffusion zone which extends into As 2 se 3 , (Fig. 5 )· -13-
The following overall equations represent the reactions:
An accumulation of Se was not observed at the interfaces since it left the couples as a vapor. These endothermic reactions have an entropy contribution due to the vapor species in the reaction product. Therefore, they are thermodynamically favorable at elevated temperatures.
An experiment was devised to verify the existence and analyze the composition of the vapor reaction product. An As 2 se 3 -Ag 2 se couple was sealed in a 45 ern. long pyrex tube filled with 0.9 atmosphere of argon.
The end of the tube with the couple was held at 175°C for 48 hours. The other end extended out of the furnace allowing it to be at room temperature. A condensate of many small islands of relatively pure selenium, identified by EDAX, formed in the cool end of the tube. Arsenic was also identified in the cool end of the tube due to the fact that some As 2 se 3 could vaporize. The total amount of Se, however, appeared to be far in excess of the amount that may have been transported due to As 2 se 3 vaporization. This supports the reactions represented by Eqs. 7 and 8. Moreover, the formation of the reaction product did not occur as indicated by a Ag. content that did not exceed 30 at %. Couple #31 (Table 1) as well as #25 (Fig. 5 ) showed the formation of the reaction product and the presence of a diffusion limited process even though they were held at 175° for shorter times. It thus appears that the Se was able to escape more readily in the· latter cases and did not retard the arsenic reduction process.
Consideration of the geometry of the couples after the diffusion anneal justifies the conclusion that the o·bserved kinetics are dependent on the escape of the vapor reaction product. Planar diffusion couples always opened like a "clam shell" pivoting about a small volume of material where the interface was formed. The extent of clam shell opening, hence the ability of the vapor to escape, varied randomly among couples.
Accordingly, the extent of the rate at which Ag was supplied to the glass phase varied randomly. Oxygen contamination undoubtedly also contributed to the variability of the results as discussed.
Polycrystalline AgAss 2 -As 2~3 Glass System
Since a solid piece of Ag 2 s was not available, a diffusion couple of AgAss 2 -As 2 s 3 was prepared. In accordance-with the phase diagram indication that these compounds are at equilibrium, 17 no diffusion was detected after 400 hrs at 175°C. This result also indicates that mutual solubility is very low or that the chemical interdiffusion is extremely low at this temperature.
-15-
The couple was formed by holding the polished surfaces with an alligator clip as before. Furthermore, in the absence of a redox reaction the couple did not open up like a "clam shell" during diffusion as in the previous system.
Diffusivities
Glass modifier diffusion in glasses is typically concentration dependent. A Boltzmann-Matano analysis based on an approach given by 21 Boltzmann can then be applied which is valid if the following requirements are fulfilled: (1) the diffusion is isothermal, isotropic and onedimensional, (2) the diffusion is not reaction rate limited, (3) .there is no volume change with introduction of the diffusing species, and (4) the driving force for diffusion is a gradient in the chemical potential of the diffusing species (negligible electrical potential field). Requirements (1) and (2) as t e mo 1 e spec1es or e ectron1c conduction in these sulfide and selenide glasses, it is assumed that their mobility is high enough to eliminate the potential field. The drift mobilitiof holes at fields of 10 5 volt/em is approximately 3 x 10-5 cm 2 /volt sec.
The reaction process is diffusion controlled if the Ag concentration at the Ag rich interface for these couples is found experimentally to be The diffusion profiles of #42 (Fig. 3) , #46-1, #46-2 (Fig. 4) , and /131 were analyzed to determine Ag diffusivities. These profileswere judged to best fulfill the analysis requirements and to exhibit the least oxide contamination. The calculated diffusivities are shown in Fig. 6 .
Inherent in the graphical analysis is an increasing inaccuracy as the extremities of the curves are approached. Therefore, diffusivity values below 8% and above 42% Ag were not plotted.
The concentration dependence of Ag diffusion into the As chalcogenides at 175°C can be approximated as being exponential between 10 and 35% Ag: Ag can be used for making an electrical contact to As chalcogenide containing amorphous semiconductors. It follows from results of this study that the optimum contact would be formed by consecutive deposition of the amorphous semiconductor film and the Ag contact film without breaking vacuum. Oxide film formation would thus be eliminated. Pristine glass surfaces were found to have excellent surface conduction whereas oxide covered surfaces did not. -21- Table 1 .· Diffusion Data at 175°C
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